Abstract Lysyl oxidase-like 2 (LOXL2) is associated with invasiveness and metastasis in breast cancer. We analyzed the prognostic impact of LOXL2 for breast cancer patients and investigated the role of LOXL2 in breast cancer cell lines. Immunohistochemical study of LOXL2 expression was done in samples from 309 patients. Survival analysis was performed using log-rank test and Cox regression hazard model. After identification of LOXL2 expression in breast cancer cell lines, we performed matrigel invasion and wound-healing assays with LOXL2-silenced cell lines. In the human study, LOXL2 was expressed in 16.2 % of patients. Comparing the LOXL2-positive versus negative groups, there was a significantly higher proportion of estrogen receptor-negative patients (54.0 vs. 37.0 %, respectively; p = 0.029) and triple-negative patients (34.0 vs. 18.0 %; p = 0.022) in the positive group. In multivariate analysis for overall survival and metastasis-free survival, positive LOXL2 was demonstrated as a poor prognostic factor (HR 2.27 and 2.10, respectively). In vitro study indicated that LOXL2 silencing induces a mesenchymal-epithelial transition-like process in basal cell lines (MDA-MB-231 and BT549) associated with decreased invasive and migratory properties. These clinical and preclinical data confirm that higher LOXL2 expression is associated with invasiveness of basal-like breast cancer cells and lower survival of breast cancer patients. Our results suggest the clinical value of LOXL2 as a therapeutic target in breast cancer.
Introduction
Breast cancer is the most common cancer in women, with approximately 1.5 million new cases diagnosed annually worldwide, a lifetime risk of up to 12 %, and a risk of death of up to 5 % in Western countries [1] . Survival for women with breast cancer has improved, and mortality rates are decreasing by approximately 2.3 % annually [2] . However, conquering breast cancer has been hampered by metastatic disease, despite successful systemic therapies including targeted therapies, such as anti-estrogen therapy and human epidermal growth factor receptor-2 (HER2) targeting therapy [3, 4] . To improve outcomes of metastatic breast cancer, we sought to uncover modes of progression and use that knowledge to develop novel targeted therapies for metastatic disease. Among the molecules that contribute to cancer progression and metastasis, lysyl oxidase-like 2 (LOXL2) is notable for management of metastatic disease.
LOXL2 is a member of the lysil oxidase (LOX) family, composed of five homologs (LOX and LOXL1-4) [5] [6] [7] [8] that are secreted, copper-dependent amine oxidases. LOX and LOX 1-4 are extracellular matrix-modifying enzymes that catalyze the crosslinking of collagens and elastin [9] . LOXL2 has been reported to play a crucial role in metastasis of various malignancies [10] [11] [12] [13] . Increased LOXL2 expression leads to tumor progression and metastasis, probably by promoting tumor cell invasion and remodeling of the tumor microenvironment [14] [15] [16] [17] [18] [19] . Peinado et al. [20] reported that LOXL2 mediates induction of epithelialmesenchymal transition (EMT) by repression of E-cadherin, indicating a contribution of LOXL2 to tumor progression.
It has been proposed that LOXL2 is associated with aggressive tumors [14, 17, 18, 20, 21] , and upregulation of LOXL2 in various tumor cells has been shown to promote their invasiveness in vitro and in vivo [16] [17] [18] [19] [20] . In breast cancer, the paucity of clinical data regarding LOXL2 has been noted. Therefore, clinical research to investigate a prognostic impact of LOXL2 in cancer patients is worthy of being explored.
In this study, we aimed to confirm the role of LOXL2 to increase invasiveness of breast cancer cells and evaluate a survival impact of LOXL2 in breast cancer patients. To accomplish this end, we assayed human breast tumors for LOXL2 expression by immunohistochemistry (IHC) and elucidated a prognostic significance of LOXL2 for breast cancer patients. Moreover, we performed in vitro study showing an association between the invasiveness of breast cancer cell lines and LOXL2 expression.
Methods

Patients
We prospectively collected tumor tissues from specimens of surgically resected breast carcinoma at the Gangnam Severance Hospital, Yonsei University College of Medicine, Seoul, Korea, between January 1996 and December 2004. Among a total study population of 386, the exclusion criteria were as follows: unreadable LOXL2 expression (n = 29), pure in situ carcinoma (n = 19), metastatic disease (n = 9), patient receiving neoadjuvant chemotherapy (n = 13), bilateral breast cancers (n = 3), and non-epithelial origin breast cancer, such as phyllodes tumor (n = 2). Invasive carcinomas that did not present invasive focus upon review of archival H&E-stained slides were also excluded since they represented only intraductal components (n = 2). As a result, 309 patients were enrolled for analysis.
Clinical data of the patients, including age, tumor size, histologic grade, lymph node status, and expression status of estrogen receptor (ER), progesterone receptor (PgR), and HER2, were retrieved from the database. TNM disease stage was classified according to the American Joint Committee on Cancer, 7th Edition. The modified ScarfBl-Richardson grading system was used for tumor grading. With regard to biomarker assays, before February 1999, ER status was determined using the ligand binding assay, and tumors were considered ER-positive with a score greater than 10 fmol/mg [22] . After February 1999, the IHC method for ER staining was introduced and it replaced the biochemical method. HER2-positive was defined as a tumor with 3-positive on IHC exam, or amplification on fluorescence in situ hybridization (FISH) test or silver in situ hybridization (SISH) test. A tumor that is ER-negative, PgR-negative, and HER2-negative was defined as triple-negative. The institutional review board of Gangnam Severance Hospital, Yonsei University, Seoul, Korea, approved the study in accordance with good clinical practice guidelines and the Declaration of Helsinki (3-2011-0191).
Tissue microarray blocks, IHC staining, and in situ hybridization Formalin-fixed, paraffin-embedded tissue blocks were arrayed using an Accu Max Array tissue-arraying instrument (Petagen, Inc.; Seoul, Korea). Briefly, representative areas of each tumor were selected and marked on the H&E slide by breast pathologists. The designated zone of each donor block was punched with a tissue cylinder 3 mm in diameter, and the sample was transferred to a recipient block in a grid pattern. IHC staining was carried out in the tissue microarray blocks. Paraffin-embedded sections were prepared at 4 lm thickness followed by the standard H&E staining. Additional sections were manually deparaffinized in xylene and rehydrated in a series of graded ethanol solutions. After deparaffinization and rehydration, the sections were treated with a 3 % (v/v) hydrogen peroxide solution for 10 min to block endogenous peroxidase and pretreated for antigen retrieval in Epitomic retrieval solution2, pH 6.0, from Leica Biosystems (Melbourne, Australia) at 100°C for 20 min. After incubation with primary antibodies against LOXL2 (Origene, Rockville, MD) at 1:1000 dilution, and CDH1 (BD Biosciences; Sparks, MD), at 1:500 dilution, the sections were subjected to staining using the automated Leica Bond-max immunostainer (Leica Biosystems) according to the manufacturer's instructions. Stained tissue images were captured on a Nikon TE2000 inverted microscope with IP Lab software (BD Biosciences Clontech; Palo Alto, CA). Slides were counterstained with Harris hematoxylin. Normal breast tissue entrapped within the block and appropriate control tissues were used as positive controls. Archival H&E-stained slides for each case were reviewed by three pathologists who are experts in breast pathology. For interpretation of the IHC stain results, the IHC tests for LOXL2 and CDH1 were categorized as negative (0), ''1?,'' ''2?,'' or ''3?'' in high-power fields (4009 magnification) according to the intensity of cytoplasmic staining ( Fig. 1) in every case. LOXL2-or CDH1-positive was assigned for scores ''2?'' and ''3?.'' The interpretation of IHC results was carried out blindly, without any information regarding clinical parameters or outcome. In FISH or SISH tests, as recommended by the ASCO/CAP guideline [23] , an absolute HER2 gene copy number [6, or HER2 gene/chromosome 17 copy number ratio higher than 2.2, was considered HER2-positive.
Cell lines
Human breast cancer cell lines MDA-MB-231, HBL100, BT549, HS578T, MCF7, MDA-MB-361, BT474, SK-BR3, and T47D were purchased from the American Type Culture Collection (ATCC; Manassas, VA) and grown in accordance with ATCC recommendations. MCF7, MDA-MB-361, BT474, and T47D cells were characterized as 
Construction of siRNA and transfection
For knockdown LOXL2 mRNA, the following sequences were used: siLOXL2, 5 0 -GAAGGAGACAUCCAGAAG-ATT-3 0 . As a negative control, we used an siRNA targeting green fluorescence protein:
0 . Cells were transfected with the siRNAs at 50 % confluence using the transfection reagent Oligofectamine (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions.
Reverse transcription polymerase chain reaction (RT-PCR) and Western blot analysis RNA was extracted using the Trizol regent (Invitrogen, Carlsbad, CA), and cDNA was synthesized using the MMLV enzyme (Invitrogen). PCR reaction was performed at 95°C for 10 min and in 25 cycles at 95°C for 15 s, 62°C for 30 s, and 72°C for 30 s on a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA). 
Wound-healing assay
For wound-healing assays, an IBIDI culture insert (IBIDI, Martinsried, Germany) consisting of two reservoirs separated by a 500-lm-thick wall was placed into one well of the six-well plate and an equal number of control and LOXL2 silenced breast cancer cell (70 ll; 1 9 10 5 cells/ml) were added into the two reservoirs of the same insert and incubated. After 24 h, the insert was gently removed creating a gap of *500 lm. The cells were allowed to migrate for 24 h. Images were taken (0 and 24 h) under an Olympus IX70 inverted microscope equipped with a digital camera (Olympus France; Rungis, France) to assess the ability of the cells to migrate into the wound area.
Matrigel invasion chamber assay
The invasive potential of breast cancer cells was assessed in vitro in matrigel-coated invasion chambers (Corning; NY) in accordance with the manufacturer's instructions. Briefly, BT549 and MDA-MB-231 cells in log growth phase were serum-starved for 24 h prior to seeding, detached by brief trypsinization and resuspended in medium containing the appropriate treatment. The matrigel invasion inserts were rehydrated and prepared as described in the manufacturer's instructions. Cells in serum-free medium at a density 1 9 10 5 cells/well on the top of gelatin-coated polycarbonate filters (8 lm pore size) suspended in a membrane invasion culture system chamber; the chamber underneath the membrane contained complete medium. The cells were incubated in a CO 2 incubator at 37°C for 5 h, after which the non-invasive cells were removed from the upper surface of the membrane, and the invasive cells on the under surface of the membrane were fixed and stained with hematoxylin-eosin (H&E; SigmaAldrich). These experiments were done in triplicate and performed a minimum of three times. The number of invading cells was counted under fluorescence microscope in five random high-power fields.
Statistical methods
Age is presented in the study as mean value with standard deviation. Discrete variables were compared by the Chi square test. Overall survival (OS) time was measured from the date of the first curative surgery to the date of the last follow-up or death from any cause during follow-up. Disease-free survival (DFS) time was measured from the date of the first curative surgery to the date of the first locoregional recurrence or distant metastasis, or death without any type of relapse; metastasis-free survival (MFS) time was calculated to the date of the first distant metastasis. Survival curves based on the Kaplan-Meier method were compared using a log-rank test. For multivariate analysis, a Cox proportional hazard text was applied. We determined the variables for multivariate analysis that showed a statistical significance in univariate analysis for OS or MFS. The software used to perform these analyses was SPSS version 18 (SPSS; Chicago, IL). Statistical significance was defined by a p-value of\0.05 or a 95 % confidence interval (CI) that did not include 1.
Results
Patient characteristics based on LOXL2 expression
Among the 309 patients, 16.2 % (50 patients) were positive for LOXL2. Baseline characteristics were compared between LOXL2-positive and -negative patients ( Table 1 ). The LOXL2-positive patients showed a higher rate of ERnegative tumors (p = 0.029). However, LOXL2 expression was not related to histologic grade (p = 0.735) or CDH1 expression (p = 0.385).
In the 281 patients with known HER2 status, the rate of positive LOXL2 was higher in triple-negative tumors than non-triple-negative tumors (26.6 % vs. 14.3 %, respectively; p = 0.022). Clinical characteristics associated with advanced breast cancer, such as tumor size, lymphatic metastasis, and tumor stage, were not related to LOXL2 positivity (Table 1 ). In addition, there was no statistical difference between the other parameters analyzed between the groups.
Pattern of recurrence according to LOXL2 expression
We further investigated the relationship of recurrent pattern and LOXL2 expression ( Table 2 ). In the 77 patients with recurrence, samples from 18 patients were LOXL2-positive. Among them, 17 patients had distant metastasis. However, a significant difference was not noted in the comparison between recurrence type and LOXL2 expression.
In the 67 cases of distant metastasis at the first relapse, those were classified into three groups according to the site of metastasis: skeletal (n = 17), visceral (n = 39), or combined (n = 11). In the 17 patients with LOXL2-positive tumors, 12 of 17 (71 %) underwent visceral metastasis at the first relapse. The comparison between the site of distant metastasis and LOXL2 expression also showed no difference.
Negative prognostic impact of LOXL2
At a median follow-up time of 9.3 years, the 10-year OS rate was 78.8 % (95 % CI of 76.3-81.3). During the follow-up period, 62 mortalities occurred. Among the 77 recurrence cases, 10 locoregional recurrences and 67 distant metastases at the first relapse were identified.
The 10-year OS rate for LOXL2-negative patients was 80.8 % (95 % CI, 78.1-83.5), and 65.3 % (95 % CI, 58.2-72.4) for LOX2-positive. In univariate analysis for OS, higher expression of LOXL2 was associated with poor outcome (p = 0.008, Fig. 2a) . In univariate analysis for DFS, we did not find any significant difference according to the expression of LOXL2 (p = 0.073, Fig. 2b ). However, for MFS, LOXL2 positivity was found to be a poor prognostic factor (p = 0.020, Fig. 2c ). The 10-year MFS rate for LOXL2-negative patients was 77.7 %, (95 % CI, 74.6-80.6), and 63.4 % (95 % CI, 56.2-70.6) for LOX2-positive patients.
In multivariate analysis for OS, LOXL2 was demonstrated to be an independent prognostic factor ( Table 3) . Compared with LOXL2-positive tumors, the adjusted hazard ratio (HR) of LOXL2-negative tumors for OS was 2.27 (95 % CI, 1.23-4.19; p = 0.009). Additionally, in multivariate test for MFS, the adjusted HR of LOXL2-negative patients was 2.10 (95 % CI, 1.20-3.68, p = 0.010, Table 3) LOXL2 is expressed in basal-like breast cell lines Expression of LOXL2 was analyzed in a series of breast cancer cell lines representing basal, luminal, and HER2 subtypes (Fig. 3) . LOXL2 was only detected in the basallike breast carcinoma cells. Those cells lacked expression of epithelial cell markers, such as CDH1 and EpCAM (Fig. 3) , and showed a mesenchymal phenotype [24, 25] .
Silencing LOXL2 reduces invasiveness
We selected MDA-MB-231 and BT549 to evaluate the role of LOXL2 in basal-like carcinoma cells, MDA-MB-231 and BT549, which showed more aggressive character. We generated stable basal breast carcinoma MDA-MB-231 and BT549 cells in which LOXL2 was silenced. The selected clones of siLOXL2 showed significantly reduced LOXL2 protein (Fig. 4a ) and mRNA levels (Fig. 4b) .
LOXL2 silencing did not affect the expression of CDH1 and EpCAM in MDA-MB-231-siLOXL2 and BT549-siL-OXL2. Downregulation of Snail expression was detected in BT549-siLOXL2. Since Snail protein was not detected in MDA-MB-231 due to its very low transcriptional expression, only transcriptional downregulation of Snail was detected in MDA-MB-231-siLOXL2. We also observed that significant changes to molecules related to invasiveness and EMT-dependent LOXL2 silencing. Downregulation of phospho-SRC and phospho-FAK were detected in Western analyses (Fig. 4a) and downregulation of Snai2 and SPARC were detected both at mRNA and protein levels ( Fig. 4a and 4b) .
On the other hand, MDA-MB-231-siLOXL2 and BT549-siLOXL2 cells exhibited a more epithelial phenotype compared to control (Fig. 5a) . Importantly, silencing of LOXL2 resulted in a marked decrease in migratory ability and motility of MDA-MB-231 and BT549 cells, as determined from wound-healing assays (Fig. 5b) . Furthermore, LOXL2 silencing in MDA-MB-231 and BT549 cells resulted in a highly significant decrease in invasion capacity (p \ 0.001), as measured by Matrigel invasion assays (Fig. 5c ).
Discussion
The results from this study demonstrate, for the first time, that LOXL2 is an independent prognostic marker in breast cancer patients. In the analysis, LOXL2 was demonstrated to be an independent prognostic factor for OS and MFS in breast cancer. Adjusted HRs of LOXL2 for OS were 2.27 (95 % CI, 1.23-4.19), and 2.10 (95 % CI, 1.20-3.68) for MFS. Those are comparable with conventional prognostic indicators, such as ER, histologic grade, and tumor size, or seem even more significant (Table 3) . More importantly, our data provide evidence that LOXL2 expression in breast tumor could contribute to metastasis in a clinical setting. The worse MFS found in LOXL2-positive patients supports previous findings that the extracellular activities of LOXL2 promote tumor progression or metastasis [10] [11] [12] [13] . Our results show that the reduced MFS is connected with a decreased OS in the LOXL2-positive patients. It potentially suggests that interruption of the LOXL2-dependent activity contributing to metastasis could bring survival benefit to breast cancer patients, as well as in a preclinical condition.
In this study, LOXL2-positive tumors were found in 16.5 % of 309 breast cancer patients with stage I to III disease. Moreno-Bueno et al. reported that the rate of cytosolic/perinuclear staining of LOXL2 by IHC is 20.5 % in 195 patients [21] . Our LOXL2-positive rate is in line with that report. However, in our data, LOXL2-positive tumors were not related to higher histologic grade (p = 0.735) or lower CDH1 expression (p = 0.385). Evidence for antagonistic interaction between high LOXL2 and repressed CDH1, described in a previous report [16] , was not found in our IHC data. The dynamic property of EMT might be one potential reason for this disparity. Also, in our results, LOXL2 was not associated with higher histologic tumor grade. This disparity requires further investigations of LOXL2, which, in the present study, was only evaluated by IHC. Investigation of an association between pattern of recurrence and LOXL2 status resulted in no significant finding. In addition, high LOXL2 expression was not associated with the site of metastasis at the first relapse, despite the association between ER-negative and triplenegative tumors, which have been shown to have a tendency for visceral metastasis [26] [27] [28] . To determine whether LOXL2 promotes metastatic propensity of a tumor irrespective of its site, further investigation is warranted.
To identify the mechanistic basis for these findings that LOXL2 is associated with a poor prognosis in breast cancer patients, we also performed in vitro study for LOXL2 in breast cancer cells. In this part, we found that LOXL2 plays an integral part for promotion of invasiveness of basal-like breast cancer cells. Our in vitro study indicates that LOXL2 silencing induces a mesenchymal-epithelial transition-like process in basal cell lines that is associated with decreased invasive and migratory properties. Moreover, LOXL2 contributes positively to the activation of FAK/ SRC and influences the expressions of Snail, Snai2, and SPARC, which are all related to invasiveness and EMT of breast tumor cells. These results were consistent with previous observations [21, 29, 30] and those of other groups, which have shown that ectopic expression of LOXL2 in luminal MCF7 cells induces a mesenchymallike phenotype and migratory and invasive potential [14, 31] . The present results support the view that LOXL2 is involved in the maintenance of the mesenchymal phenotype in basal carcinoma cells.
It is noteworthy that LOXL2 was prominently expressed in basal-like carcinoma and showed a capacity to increase aggressiveness. It has been proposed in several studies that LOXL2 could be a candidate marker of basal-like carcinoma [18, 21] . LOXL2 expression was also increased in patients with the triple-negative subtype. Although this subtype was not the same as that of basal-like carcinoma, silencing by siLOXL2 showed reduced LOXL2, Snail, Snai2, SPARC, p-FAK, and p-SRC at protein level. b RT-PCR analysis; LOXL2 silencing has an effect on reducing of LOXL2, Snail, Snail2, and SPARC at mRNA level our findings of the association of LOXL2 and the triplenegative subtype are concordant with previous reports on the relationship of LOXL2 and basal-like carcinoma. The establishment of treatment strategies for triple-negative tumors has remained a challenging task because of the heterogeneity of this subtype and the absence of targeted therapies, such as endocrine therapy or HER-2-targeted treatments [26] . Therefore, our findings are clinically important in providing a novel potential target candidate for this breast cancer subtype.
Principally based on experimental evidence, LOXL2 has been proposed as a therapeutic target in cancer treatment [18, 19, 21] . The current targeting strategy for LOXL2 focuses on inhibiting enzymatic activity. LOXL2 at the protein level seems to be effectively targeted either through the use of small-molecule inhibitors that may act both intracellularly and extracellularly, or through the use of antibodies [19] . Therefore, our data also support a therapeutic approach in which intracellular LOXL2 expression could be an effective target molecule for the improvement of survival in breast cancer patients. AB0024, which is a humanized LOXL2 antibody, has already entered phase I clinical trials in patients with solid tumors (ClinicalTrioal.gov.) [32] .
Although there were limitations to our study, including retrospective study design with a small sample size, our findings provide preclinical and clinical evidence that the enzymatic activity of LOXL2 contributing to metastasis in an experimental setting can be translated into poor survival outcome in breast cancer patients.
In summary, results from IHC analyses of tumors demonstrate that LOXL2 is an independent marker for metastatic disease and death in patients with breast cancer. Also, our in vitro study demonstrated that LOXL2 expression promotes EMT and invasiveness of basal-like breast cancer cell lines, a finding that was compatible with previous in vitro study results. This suggests that LOXL2 could potentially be a valuable target for improvement of survival in breast cancer. 
